Purpose: We asked whether sentence repetition accuracy could be explained by interactions of participant processing limitations with the structures of the sentences. We also tested a prediction of the procedural deficit hypothesis (Ullman & Pierpont, 2005) that adjuncts are more difficult than arguments for individuals with developmental language impairment (DLI). Method: Forty-four young adults participated, 21 with DLI. The sentence repetition task varied sentence length and the use of arguments and adjuncts. We also administered measures of working memory and processing speed. Our regression models focused on these interactions: group and argument status; processing speed, length, and argument status; and working memory capacity, length, and argument status.
Purpose: We asked whether sentence repetition accuracy could be explained by interactions of participant processing limitations with the structures of the sentences. We also tested a prediction of the procedural deficit hypothesis (Ullman & Pierpont, 2005) that adjuncts are more difficult than arguments for individuals with developmental language impairment (DLI). Method: Forty-four young adults participated, 21 with DLI. The sentence repetition task varied sentence length and the use of arguments and adjuncts. We also administered measures of working memory and processing speed. Our regression models focused on these interactions: group and argument status; processing speed, length, and argument status; and working memory capacity, length, and argument status.
Results: Language ability group was a significant predictor of sentence repetition accuracy but did not interact with argument status. Processing speed interacted with sentence length and argument status. Working memory capacity and its separate interactions with argument status and sentence length predicted sentence repetition accuracy. Conclusions: Many adults with DLI may have difficulty with adjuncts as a result of their working memory limitations rather than their language ability. Cognitive limitations common to individuals with DLI are revealed more by particular sentence structures, suggesting ways to construct more diagnostically accurate sentence repetition tasks.
S entence repetition is a widely used task for the assessment of developmental language impairment (DLI) as part of standardized tests (Hammill & Newcomer, 1997; Semel, Wiig, & Secord, 2003) . Researchers have confirmed the diagnostic validity of sentence repetition tasks across age ranges (Conti-Ramsden, Botting, & Faragher, 2001; Poll, Betz, & Miller, 2010) , languages (Devescovi & Caselli, 2007; Stokes, Wong, Fletcher, & Leonard, 2006; Vang Christensen & Hansson, 2012) , and disability categories (Redmond, 2005; Taylor, Maybery, Grayndler, & Whitehouse, 2014) . Because sentence repetition accuracy separates individuals with DLI from those with typical language, it has been designated a clinical marker of language impairment (Conti-Ramsden et al., 2001) .
Clinical marker tasks for DLI, including tense marking, nonword repetition, and sentence repetition (ContiRamsden et al., 2001) , have been advanced as both diagnostic tools and indicators of fundamental difficulties that result in language impairment. Rice and Wexler (1996) suggested that performance on tense marking tasks resulted from a deficit in grammatical knowledge, but others have attributed performance to processing limitations (Joanisse & Seidenberg, 1998; Leonard, 2014) . Gathercole and Baddeley (1990) proposed nonword repetition as a measure of phonological memory, but contrasting evidence suggests that it measures phonological processing ability (Jones, Tamburelli, Watson, Gobet, & Pine, 2010) . Sentence repetition has been advanced as a measure of the episodic buffer component of working memory (WM; Alloway, Gathercole, Willis, & Adams, 2004; Baddeley, Hitch, & Allen, 2009 ), but as with other clinic markers, there is evidence that other factors, such as difficulties processing complex syntax, contribute to sentence repetition accuracy (Riches, 2012) . The purpose of a Elmhurst College, Elmhurst, IL this study was to explore how WM and other factors contribute to sentence repetition performance.
Sentence repetition performance may result from interactions of participant characteristics such as WM, processing speed, and language impairment status with sentence structure (Archibald & Joanisse, 2009; Hesketh & Conti-Ramsden, 2013) . These interactions can suggest ways to make sentence repetition more diagnostically valuable. A recent meta-analysis found that existing sentence repetition tasks have only moderate diagnostic accuracy, finding a blended positive likelihood ratio of 6.87 across tasks (Pawlowska, 2014) , with none meeting the standard of 10 or greater recommended by Dollaghan (2007) . When a language-impaired group is disproportionately inaccurate in repeating sentences with a particular structure, tasks employing that structure will more clearly differentiate affected from unaffected individuals, improving diagnostic accuracy. When a characteristic of individuals with DLI, such as slow processing, interacts with sentence structure (Poll et al., 2013) , it suggests that sentences may also be designed to reveal information about the profile of DLI when other correlated characteristics of individuals with DLI are well controlled.
Sentence Repetition
Sentence repetition is reconstructive (Potter & Lombardi, 1998; Slobin & Welch, 1971) . Speakers generate sentences using their language production system, and do not simply play back what they just heard from auditory memory (Bley-Vroman & Chaudron, 1994; Lust, Flynn, & Foley, 1996) . The sentences children produce reflect their level of language development (Devescovi & Caselli, 2007; Klem et al., 2015) , and adults produce sentences that are influenced by primed words and structures (Lombardi & Potter, 1992; Potter & Lombardi, 1998) .
The first step in sentence repetition is for the participant to hear and understand the target sentence. They then retain the essential meaning of the sentence in short-term memory, and engage their speech production system to produce a sentence on the basis of the concepts they are holding in mind (Bley-Vroman & Chaudron, 1994; Bock & Levelt, 1994; Potter & Lombardi, 1998) . Participants recall more words presented in the form of a sentence than they can recall from a list of unrelated words Jefferies, Ralph, & Baddeley, 2004) . The reason for the superior recall of words in sentences is binding-more words can be bound together in larger units or chunks. This binding process results from the interaction of shortterm stores of phonological information and language knowledge held in long-term memory. The episodic buffer in the Baddeley (2000) conception of WM is the limited capacity store for the chunks that result from the binding process. Clearly participants call on multiple elements of WM and long-term language knowledge in sentence repetition (Riches, 2012) .
Sentence repetition has revealed gaps in knowledge of tense marking (Hesketh & Conti-Ramsden, 2013; Vang Christensen & Hansson, 2012) and difficulties with complex sentence structures in individuals with DLI (Panagos & Prelock, 1982; Redmond, Thompson, & Goldstein, 2011; Riches, Loucase, Baird, Charman, & Simonoff, 2010) . Children with DLI have particular difficulties repeating sentences with complex structures such as object relatives (Riches et al., 2010) . Sentence repetition accuracy is also compromised by WM limitations (Alloway & Gathercole, 2005; Archibald & Joanisse, 2009 ) and limitations in speed of language processing (Bishop, 1994; Poll et al., 2013) .
Evidence for a role of individual differences in language processing speed in sentence repetition accuracy is limited, and suggests that processing speed limitations may not uniformly affect sentence repetition performance (Poll et al., 2013) . The generalized slowing hypothesis suggests that processing speed in DLI may be slower by a fixed amount of time per cognitive operation (Kail, 1994) . Sentences that require few cognitive operations may be affected very little by slower processing, but those requiring more cognitive operations may be more significantly affected.
Multiple conceptions of WM can be considered to understand its role in sentence repetition. In the Baddeley (2000) model, sentence recall is thought to measure the episodic buffer. In the Just and Carpenter (1992) model, WM is conceived as a storage and processing capacity that draws on a common mental resource. Sentence repetition involves comprehension, language processing, and storage of the meaning derived from the sentence. This capacity, measured by the Competing Language Processing Task (CLPT; Gaulin & Campbell, 1994) , improves during development and is limited in individuals with DLI (Ellis Weismer, Evans, & Hesketh, 1999; Isaki, Spaulding, & Plante, 2008) .
Both the Baddeley (2000) and Just and Carpenter (1992) conceptions of WM have been measured using complex tasks that involve trade-offs between storage and processing. The Just and Carpenter (1992) model focuses on sentence comprehension and the dynamic trade-off between storage and processing as sentences vary in complexity, making it an apt focus for understanding sentence repetition. A third conception of WM is how much information an individual can maintain in the focus of their attention, emphasizing storage capacity (Cowan et al., 2005) . Measures of this notion of WM have not been reported for adults with DLI, but such data would clarify the importance of the storage element of WM in the profile of the disorder.
Processing and Linguistic Knowledge Differences in DLI
The procedural deficit hypothesis (PDH; Ullman & Pierpont, 2005 ) is a theory of DLI that integrates limitations in language knowledge and limitations in processing capacity, both of which play roles in sentence repetition accuracy. The PDH builds on a theory of language processing that separates grammatical and lexical processing (Ullman, 2001) . By this theory, grammatical processing relies on rules, whereas lexical processing relies on associative memory.
Procedural memory supports implicit learning of sequences, skills, and patterns over time (Squire, 1992; Tulving, 1985) . For language, procedural memory underlies syntactic learning and processing. Declarative memory supports explicit learning and recall of facts and events (Tulving, 1985) , as well as the idiosyncratic associations of words, their referents, and obligatory arguments (Ullman, 2001 ). The PDH proposes that a deficit in procedural memory results in difficulties with syntactic processing (Ullman & Pierpont, 2005) . The declarative memory system of individuals with DLI is thought to be intact or a relative strength.
Studies have shown that children (Kemeny & Lukacs, 2010; Lum, Gelgic, & Conti-Ramsden, 2010) , adolescents (Tomblin, Mainela-Arnold, & Zhang, 2007) , and adults (Lee & Tomblin, 2012) with DLI have more limited procedural memory ability for verbal information. Findings are less consistent with the PDH when the procedural memory task involves nonverbal information (Lum & Conti-Ramsden, 2013) or when the task does not involve learning discrete sequences (Hsu & Bishop, 2014) . Given proximity of brain circuits supporting procedural memory with those supporting WM, the PDH anticipates that individuals with DLI will have difficulty with tasks demanding of WM (Ullman & Pierpont, 2005) . Evidence on declarative memory for individuals with DLI is mixed, finding intact memory for visual material (Lum & Conti-Ramsden, 2013; Riccio, Cash, & Cohen, 2007) and deficits for verbal material (Lum, ContiRamsden, & Ullman, 2012; Riccio et al., 2007) .
An untested prediction of the PDH is that individuals with DLI will have unusual difficulties with adjuncts and less difficulty with arguments. Arguments and adjuncts, as sentence constituents, differ in their reliance on lexical processing versus syntactic processing. Across multiple theories of syntax, arguments are viewed as part of lexical knowledge (Chomsky, 1970; Quirk, Greenbaum, Leech, & Svartvik, 1985; Radford, 2004) . In The president urged the army to act, the verb urge implies an agent to carry out the action (the president) and a recipient of the action (the army). The agent and recipient act as arguments of the verb. Because arguments are implied by the meaning of the word, arguments are part of a word's lexical entry in the mental dictionary. That lexical information eases the integration of arguments into sentence structures during comprehension (van Gompel & Pickering, 2007) .
Adjuncts, or modifiers, are peripheral to the meaning of the words they modify (Quirk et al., 1985; Radford, 2004; Thompson, 1997) . In The queen visited before the judgment, the phrase before the judgment is an adjunct, an optional modifier specifying when the visit took place. Understanding the meaning of an adjunct phrase in a sentence requires that the phrase be combined with the phrase it modifies (here, visited), a syntactic operation (Boland & BoehmJernigan, 1998) that is made more difficult by the absence of adjunct information in the verb's lexical entry (Boland & Blodgett, 2006) .
The PDH predicts that individuals with DLI will have unusual difficulties processing adjuncts because the syntactic processing they require depends on a deficient procedural memory (Ullman & Pierpont, 2005) . Studies of children with DLI have shown that they are more likely to omit adjuncts that are included by typical peers (Fletcher & Garman, 1988; Johnston & Kamhi, 1984) . The PDH also suggests that declarative memory may compensate for procedural deficits (Ullman & Pierpont, 2005) but that the ability to compensate will be sensitive to the frequency of language structures. Because adjuncts tend to co-occur less frequently with the words they modify than do arguments (Boland & Blodgett, 2006) , it is unclear how well declarative memory can compensate for procedural deficits in processing adjuncts.
In contrast, the PDH predicts that individuals with DLI should be able to process arguments much as individuals with typical language do because argument knowledge relies on their intact declarative memory (Ullman & Pierpont, 2005) . For children with DLI, some studies have supported typical or near-typical processing of arguments (Grela & Leonard, 2000; Thordardottir & Ellis Weismer, 2002) , although there is counterevidence suggesting more complex argument structures are particularly difficult (de Jong & Fletcher, 2014) . It is unclear whether these patterns of language processing apply to adults with DLI.
DLI in Adulthood
Multiple studies have documented the chronic nature of DLI, and demonstrated that DLI extends into adulthood (Clegg, Hollis, Mawhood, & Rutter, 2005; Johnson et al., 1999) . Understanding the adult stage of DLI is clinically important to address the transition of adolescents with DLI to postsecondary education (Sitlington, 2003) and to support adults with DLI in postsecondary schools and vocational settings.
Sentence repetition provides a promising assessment tool for identifying adults with DLI (Poll et al., 2010; Tomblin, Freese, & Records, 1992) for the same reasons that it is useful for children with DLI. It taxes WM, processing speed, and syntactic knowledge, all of which appear to be compromised in adults with DLI (Isaki et al., 2008; Miller & Poll, 2009; Poll et al., 2010; Tomblin et al., 1992) .
During development, language and cognitive abilities interact, resulting in relatively lower nonverbal intelligence for those with DLI as compared with peers with typical language (Botting, 2005) . As a result, studies have not matched adults with DLI to peers with typical language on nonverbal intelligence (Fidler, Plante, & Vance, 2011; Lee & Tomblin, 2012; Tomblin et al., 1992) . In fact, researchers have argued that matching or statistically controlling for nonverbal ability may result in groups that are no longer representative of the populations they are meant to represent (Dennis et al., 2009) .
Given that adults with DLI have limitations in both processing capacities and syntactic abilities, we sought to understand how both participant abilities and sentence structure might explain sentence repetition accuracy. We tested the prediction of the PDH that adjuncts will pose particular difficulties for adults with DLI. Our sentences varied by being primarily composed of arguments or adjuncts.
A significant Group × Argument Status interaction, with less accurate adjunct sentence scores in the group with DLI, would support the prediction of the PDH. We then evaluated how processing limitations interact with sentence structures in sentence repetition across all participants. Is the effect of slower language processing greater for sentences requiring more cognitive operations? Does the effect of more limited WM capacity vary according to the structure of the sentence?
Method
Participants Forty-four adults (age 18-27 years) participated in the study and were recruited from postsecondary schools in central Pennsylvania (n = 22) and from a registry of participants in an Iowa longitudinal study of DLI (n = 22). Initial selection of the Iowa participants is described in Tomblin, Zhang, Buckwalter, and O'Brien (2003) . We excluded participants if they reported a history of autism, intellectual disability, cerebral palsy, hearing loss, or significant neurological injury. All participants spoke English as a first language.
We screened participants for hearing loss with a puretone screening at 25 dB HL at 500, 1000, 2000, and 4000 Hz. Participants completed three subtests of the Wechsler Adult Intelligence Scale-Third Edition (Wechsler, 1997) , Picture Completion, Digit Symbol Coding and Matrix Reasoning. An estimated performance intelligence quotient (PIQ) was calculated from the scores of these subtests based on Sattler and Ryan (1999) . All participants included in the study had PIQs of 80 or above.
Screened participants were assigned to a language group on the basis of a positive or negative history of language difficulties and language testing. Those in the group with DLI had a positive history (prior diagnosis of DLI, reading comprehension difficulties, or spoken grammar difficulties). Those in the group with typical language had no history of language difficulties. Each group included participants from both the Pennsylvania (DLI = 7, typical = 15) and Iowa (DLI = 14, typical = 8) recruitments.
Language testing followed the approach outlined by Fidler et al. (2011) . Their diagnostic process has the best documented sensitivity (78%) and specificity (83%) of any assessment for DLI in English-speaking young adults. The tasks were the Modified Token Test (de Renzi & Faglioni, 1978; Morice & McNicol, 1985) , the Word Definitions subtest of the Clinical Evaluation of Language FundamentalsFourth Edition (Semel et al., 2003) , and a 15-word spelling task (Fidler et al., 2011) . The Modified Token Test consists of sentences directing participants to manipulate tokens of varied shape and color. The score is the number correct. The Word Definitions subtest asks participants to provide spoken word meanings. Scores were according to test directions, converted to standard scores for 18-to 21-year-olds. Eleven percent of Word Definitions subtests were scored by a trained second rater, with 88% point-to-point agreement. Scores for the spelling task were the number correct.
Scores from the three language tests were entered into a discriminant function developed by Fidler et al. (2011) to diagnose DLI in adults with a history of learning difficulties. A positive numeric output indicates that the person is language impaired. The 21 participants with a positive history of language difficulties and a positive discriminant function output were classified as DLI. The 23 participants with no history of language difficulties and a negative discriminant function output were classified as typical language. Participants with a positive history and a negative discriminant function output were excluded. Group characteristics are summarized in Table 1 . There were 13 women in the group with DLI, and 19 women in the group with typical language. The groups did not differ in age, F(1, 42) = 2.83, p = .10, but did differ in years of education and PIQ.
Materials and Procedures

Sentence Repetition Task
We developed 48 sentences in four conditions of 12 sentences each. The sentences were short (16 syllables) or long (25 syllables), and were argument or adjunct laden. We controlled length by syllables rather than words because adults with DLI have more difficulty with memory for longer compared with shorter words (Clegg et al., 2005) . We classified phrases as arguments or adjuncts using tests developed by Schutze and Gibson (1999) . Their tests rely on native speaker judgments of grammaticality. Among the tests for argumenthood is optionality: adjuncts can be dropped and the sentence remains grammatical (e.g., John put the book in the room is grammatical; John put the book is not). Another test is iterativity: arguments cannot be iterated whereas adjuncts can (e.g., John amused the earl with his description is grammatical; John amused the earl with his description with his music is not). The complete set of experimental sentences is provided in the online supplemental materials (see Supplemental Text).
Sentences in argument conditions included verbs that are more often transitive, meaning a noun phrase argument is likely to follow the verb. A short argument condition sentence was The dentist baked her assistant a cake and added a cherry. Here baked is a verb that is often transitive. Adjunct condition sentences included intransitive verbs, those not likely to require a following object noun phrases. A short adjunct condition sentence was The queen visited before the judgment but prayed at great length. Here visited and prayed are verbs more likely to be intransitive. We identified transitive or intransitive verbs from corpus studies (Gahl, Jurafsky, & Roland, 2004; Roland, Dick, & Elman, 2007) .
Sentences in short conditions had a mean of two functional verb units, or two finite or nonfinite verbs (Bock & Levelt, 1994; Ford & Holmes, 1978) . Sentences in long adjunct conditions also typically had two functional verb units, such as confided and surrendered in The couple confided a breakdown in the spring and surrendered their house in the valley after the split. The mean number of functional verb units for the long adjunct condition was 2.17. Sentences in long argument conditions had a mean of three functional verb units. The number of functional verb units is a measure of the number of cognitive operations carried out in formulating a sentence (Ford & Holmes, 1978) .
Sentences were controlled for word frequency, word familiarity, and sentence plausibility. Spoken word frequency for the subject nouns, the verbs, the object nouns, and the modifiers did not differ by condition, F(3, 305) = 0.88, p = .452. We obtained frequency from the Corpus of Contemporary American English (Davies, 2009) . Word familiarity and sentence plausibility were rated by 14 adults with typical language (age 18-25 years), all speakers of English as a first language. Participants were asked how often they had seen, heard, or used a word using a 7-point scale. They were also asked to rate how likely sentence events were to occur using a 7-point scale. Neither word familiarity ratings, F(3, 303) = .65, p = .584, nor sentence plausibility ratings, F(3, 44) = 1.51, p = .225, differed across sentence repetition task conditions. Sentences were pseudorandomly assigned to two sets, each with equal numbers of sentences from each of the four conditions. Sentences in each set were presented in three different lists in random orders. Each participant repeated all 48 sentences but did so in two different sessions separated by a minimum break of one-half hour. Sentence lists were counterbalanced across participants.
Sentences were digitally audio-recorded by a male speaker of American English and edited to a uniform intensity level using Praat (Boersma & Weenink, 2006) . We presented sentence recordings by computer. We instructed participants to repeat the sentences exactly as they heard them, and although some sentences were long and would be hard to remember, they were to repeat as much of the sentence as they could. Participants completed two practice sentences before the experimental task. An investigator marked which words the participant correctly repeated at the time of the task, and we verified which words had been repeated correctly from recordings.
Scores were percentage accuracy, the number of words recalled in correct serial order, divided by the number of words in the sentence. Following Allen and Baddeley (2009), we credited correct initial or final words in sentences, as well as any word with at least one adjacent word in correct serial position. We preferred this method over the Clinical Evaluation of Language Fundamentals-Fourth Edition (Semel et al., 2003) 0 to 4 rating system because it did not result in floor effects. A second rater with no knowledge of participant group classification was trained on the scoring procedure and scored 11% of the sentences. The intraclass correlation was .98, suggesting that very little variation in the scores was due to rater variation (Howell, 2007) .
Processing Speed Tasks
To measure language processing speed, we administered a truth value judgment task and a word detection task. For the truth value judgment task, participants saw a line drawing presented on a computer, and after 2 s heard a sentence. They were asked to press one button on a response box to indicate that the picture and sentence matched and another to indicate that they did not. The task included 36 pictures and sentences from Miller, Kail, Leonard, and Tomblin (2001) . The sentences consisted of simple active (The girl is chasing the boy), passive (The baby is being fed by the girl), or compound subject (The horse and the dog are chasing the cat) constructions. The sentences and pictures were evenly divided between matching and not matching conditions.
Sentences were audio-recorded by a male speaker of American English. The task was by computer using E-Prime (Psychology Software Tools, 2009). Picture and sentence pairs were presented in a single pseudorandom order, with no more than three consecutive matching or nonmatching pairs. Participants indicated their judgments using a response box aligned with their dominant hand. Participants wore headphones, and sentences were presented at a comfortable loudness. We instructed participants to respond as quickly as possible without making mistakes. There were two practice sentences, during which the investigator reinforced the instructions. Scores for the truth value judgment task were mean response times in milliseconds across all trials. Response time was measured from the start of the sentence to the button press, so the total response time included time to listen to the sentence. Incorrect judgments and response times more than twice the participant's mean were excluded as outliers.
For the word detection task, participants heard a target word, then a sentence. Participants were to press a button as soon as they heard the target word in the sentence. There were 34 target words and related grammatical sentences drawn from a task described in Leonard, Miller, and Finneran (2009) . Sentences were eight to 12 words, and the target words appeared as the fifth, sixth, or seventh words. In nine sentences, the target word did not appear. These sentences were included to encourage participants to listen carefully to the entire sentence.
Target words appeared at least twice in a written language corpus (Francis & Kucera, 1982) . Target words and sentences were recorded by a male speaker of American English and adjusted to a common intensity. The task was presented by a computer using E-Prime (Psychology Software Tools, 2009) in two pseudorandom orders, counterbalanced across participants. Sentences not including the target word occurred at least once in each nine sentences. Sentences analyzed for this study were presented at a normal speaking rate. An equal number of sentences presented at a slow rate were included in the task, but those results were not a part of the study reported here. Instructions for the word monitoring task were to press a button as soon as the participant heard the target word in the sentence, or if they did not hear the target word, to do nothing. The task was presented at a comfortable loudness using headphones. Each trial started with 2 s of silence followed by the target word. After 500 ms, the sentence sound file was played. Trials ended after 2 s or a participant response.
The score for the word detection task was the mean response time from the onset of the target word in the sentence to the participant button press. Negative response times, indicating that the participant pressed the button before the target word occurred, were excluded. We also excluded response times greater than twice the participant's mean as outliers.
WM Tasks
We evaluated WM using the CLPT (Gaulin & Campbell, 1994) as a storage and processing measure and Running Span (Cowan et al., 2005) as a storage-focused measure. The CLPT asks participants to listen to sets of sentences and render a truth judgment for each. After hearing a set of sentences, they are asked to recall the last word of each sentence in the set. There are 42 sentences arranged in sets of one to six sentences. All sentences are simple sentences such as Pumpkins are purple. We presented the task as described in Gaulin and Campbell (1994) . Prior to the task, we gave instructions from Ellis Weismer et al. (1999) . In the task recording, instructions were repeated according to the script in Gaulin and Campbell (1994) .
The task was presented at a comfortable loudness under headphones using a recording by a female speaker of American English. The recording allowed 4 s for truth judgments and 7 s (one-sentence sets) to 19 s (six-sentence sets) to recall the final words. Participants were allowed only this pause time to provide responses, following Mainela-Arnold and Evans (2005) . The task began with four practice sentences. We noted truth-value judgments and final words recalled at the time of administration, and verified the accuracy from audio recordings. The score for the task was the percentage of sentence-final words correctly recalled. Morphological variations were accepted as correct.
Running Span
In the Running Span task, participants heard lists of digits. The lists varied in length from 12 to 20 digits. After hearing each list, the participant was asked to recall the last five, six, or seven digits in the list in the correct forward order. This task was modeled on the Running Span task described in Cowan et al. (2005) .
The numbers one to nine were recorded one at a time by a male speaker of American English. The sound files were edited and compressed to 250 ms with Praat (Boersma & Weenink, 2006) . The task was presented using a computer running E-Prime (Psychology Software Tools, 2009). The task began with a practice block of two lists of digits. After hearing each list, the participant was asked to write the last five digits from the end of the list onto a response form. The response form had five boxes for the response. The participant was instructed to fill all of the boxes, and use zero if they could not recall a digit, because zero was not included in the lists. The investigator provided feedback and repeated instructions to participants throughout the practice block.
There were three experimental blocks, each consisting of nine lists of digits, with each list length randomly varied from 12 to 20 digits. The computer script randomly selected digital audio files without replacement, and then repeated the process in order to complete each list. For the first experimental block, the participant wrote the final seven digits from the list. For the second block, they wrote the last six, and for the final block, the last five digits.
Each trial began with the word Ready on the screen. After pressing the space bar, participants heard the digit list followed by presentation of response boxes. They wrote their responses on paper, and the investigator transferred these to the computer. There was no time limit for responses. Participants verified that what was entered into the computer matched their paper response. Pilot participants indicated that writing the response on paper rather than keying it into a computer made the task easier.
The computer script created a record of the final seven, six, or five digits presented and the participant response. The score for each trial was the number of digits recalled in correct order. The mean number correct was calculated for each block, and the highest block mean was the participant score.
Analysis Approach
In order to identify predictors of sentence repetition accuracy, we developed regression models with the mean sentence repetition scores of each participant in each condition as the dependent variables. Because item-level scores by participant in the typical group had ceiling effects, we used by-participant condition means. These had distributions that met the assumptions for regression modeling.
To account for the repeated measures (within participant) element of our design, we used mixed-effects regression models. These models included random effects terms for participants (Baayen, 2008) . Inclusion of random effects for intercepts only or intercepts and slopes can be evaluated to determine whether they improve the model fit to the data. Predictors of sentence repetition accuracy were entered as fixed effects. In the absence of consensus on how to compute degrees of freedom for these predictors, we determined statistical significance by whether the t statistic for the predictor was greater than 2.00, and by use of likelihood ratio tests (Arnon & Snider, 2010; Baayen, 2008) . Likelihood ratio tests evaluate whether a model including a predictor has a significantly better fit to the data than a model excluding the predictor, using a chi-squared statistic (Tabachnick & Fidell, 2007) .
Results
Sentence repetition mean accuracy by group and by condition is presented in Table 2 . There were group differences in accuracy for all conditions with larger effect sizes for long sentences than for short, and for adjunct sentences compared with argument sentences.
Interactions of Group and Argument Status
We developed a mixed-effects regression model to evaluate a prediction of the PDH. We first entered a random by-participant intercept, and added a random slope by-participant by-length. The random slope improved model fit, χ 2 (2) = 131.8, p < .001, and so it was retained in the model. The PDH predicts that individuals with DLI will have particular difficulties with adjunct processing. We entered fixed effects of group, argument status, and length together with their interactions into the model. Neither the Group × Argument Status, t = 1.3, χ 2 (1) = 1.6, p = .204, nor the Group × Length interactions, t = 1.7, χ 2 (1) = 3.04, p = .081, were significant. The main effects of group, t = 5.5, χ 2 (3) = 26.5, p < .001, argument status, t = 3.3, χ 2 (3) = 47.8, p < .001, and length, t = 22.6, χ 2 (3) = 153.4, p < .001, were significant predictors of sentence repetition accuracy. The Argument × Length interaction was also significant, t = 5.5, χ 2 (3) = 26.5, p < .001. The addition of years of education as a control variable to the model did not change the findings: The group, argument, and length predictors together with the argument by length interaction remained significant (all t values greater than 2.0).
The hypothesis from the PDH was that the group with DLI would have particular difficulty with adjunct conditions, resulting in a Group × Argument Status interaction. This hypothesis was not supported. The model confirms that the group with DLI was less accurate than the group with typical language. Both argument status and length explained sentence repetition accuracy, but the Argument × Length interaction indicated that the effect of argument status differed in short and long conditions. Participants were more accurate repeating short argument-laden sentences as compared with short adjunct-laden sentences. In long conditions, the argument sentences did not have an accuracy advantage.
Processing Capacity and Sentence Structure Interactions
We next evaluated how processing capacity affected sentence repetition accuracy. Participant scores for the WM Table 2 . Group performance on sentence repetition, working memory, and processing speed tasks. and processing speed tasks are presented in Table 2 . With the exception of the truth value judgment task, there were significant group differences in task performance, with large effect sizes. Table 3 summarizes for each group the correlations between processing capacity measures and sentence repetition mean accuracy across conditions. Processing speed measures did not correlate with overall sentence repetition accuracy, whereas for the group with typical language, WM measures did. Our analysis of the effects of processing capacity took an individual differences approach-we considered the effect of processing capacity across the full range of our participants. We first evaluated the role of processing speed. We calculated a composite processing speed score by summing the z scores of the word detection and truth value judgment tasks. We entered the processing speed composite into a mixed-effects model to predict sentence repetition accuracy. The random intercepts by participant and random slope by length were included as in the previous model. The composite processing speed variable was not a reliable predictor, t = 1.96, χ 2 (1) = 3.82, p = .051. We then entered the standardized word detection response time into the regression model in place of the processing speed composite. Word detection response time predicted sentence repetition accuracy, t = 2.56, χ
2
(1) = 6.38, p = .01. We added the argument status and length factors and their interactions with word detection response time to the model, including a three-way interaction of argument status, length, and word detection response time. The threeway interaction allowed us to evaluate whether processing speed was a larger factor in sentence repetition accuracy when sentences required more cognitive operations, operationalized as functional verb units. The long argument condition sentences had more functional verb units than the other conditions. Length, argument status, and word detection response time were significant predictors (ts > 2.00). Interactions of length by argument status (t = 7.03) and length by argument status by word detection response time, t = 2.15, χ 2 (1) = 4.72, p = .03, were significant. The two-way interactions of word detection response time with length (t = .27) and argument status (t = .41) were not significant. The three-way interaction remained significant with the addition of years of education as a control variable (t = 2.15).
The significant three-way interaction of length, argument, and processing speed indicates that slower processing affected sentence repetition differently in one sentence condition. We divided the participants into above and below median word detection response time groups and found that the accuracy advantage of the faster processors was six percentage points for all conditions except the long argument condition, in which the advantage was 7.5 percentage points. Processing speed had a larger effect on the condition made up of sentences with the largest number of functional verb units.
We next evaluated whether the effect of WM capacity varied by sentence condition. Again we took an individual differences approach and did not form groups for the analysis. We entered a composite WM score (the sum of the standardized scores from the CLPT and Running Span) in a mixed-effects regression model predicting sentence repetition accuracy. We included the same random effects structure as in the models described above. The WM composite reliably predicted sentence repetition accuracy, t = 6.56, χ 2 (1) = 24.0, p < .001. Adding length, argument status, and interactions to the model, we found that the two-way interactions of WM with length, t = 4.17, χ 2 (1) = 15.24, p < .001, and WM with argument status, t = 2.33, χ 2 (1) = 5.38, p =.02, were significant. The three-way interaction of WM by length by argument status was not, t = 1.65, χ 2 (1) = 2.82, p =.09. Main effects of argument status, length, WM composite, and the Argument × Length interaction were all significant predictors as well (ts > 2.00). In a model with years of education added as a control variable, the WM composite and the two-way interactions of WM with argument status and with length remained significant. Figure 1 illustrates the two-way interactions of WM and argument status and of WM and length. Sentence repetition accuracy was more sensitive to WM capacity in long and adjunct conditions. Table 3 . Correlations of language, performance intelligence quotient (PIQ), processing capacity measures, and mean sentence repetition accuracy collapsed across conditions. Results for the group with developmental language impairment are above the diagonal. Results for the group with typical language are below the diagonal. (Gaulin & Campbell, 1994) ; RT, response time. Output of the discriminant function specified in Fidler, Plante, and Vance (2011). *p < .05 for two-tailed test.
Group Differences in PIQ
Unlike our analyses of processing speed and WM, our model evaluating the PDH focused on the Group × Argument Status interaction, and so depended on group classification. The group with DLI differed from the group with typical language in both language ability and PIQ. This has frequently been the case in studies of adults with DLI (Fidler et al., 2011; Lee & Tomblin, 2012; Rost & McGregor, 2012; Tomblin et al., 1992) . Because somewhat lower PIQ is characteristic of adults with DLI, matching on PIQ risks creating groups that are not representative of the population. Statistically controlling for PIQ results in similar issues (Dennis et al., 2009) . It is important to know, however, whether our findings reflect primarily the PIQ difference or the language ability difference.
The correlations in Table 3 suggest that the language ability difference, rather than the PIQ difference, was the primary reason for our finding. We used the discriminant function output from our group classification process as a proxy for language ability. The correlations between language ability and sentence imitation were significant for both groups and stronger than the nonsignificant correlations between PIQ and sentence imitation accuracy. PIQ and language ability were, however, correlated for the group with typical language. We performed a sequential linear regression predicting the cross-conditional mean sentence imitation accuracy. We entered PIQ as the first predictor followed by language ability (discriminant function output). After entering language ability, PIQ was no longer a significant predictor of sentence imitation accuracy (t = .72, p = .47), but language ability was (t = 4.71, p < .001). This provides additional evidence that our finding of a significant group effect in our analysis evaluating the PDH prediction was primarily a result of the language ability difference between groups.
Discussion
Our goal in this study was to develop a better understanding of sentence repetition as a tool for the assessment of DLI. Although prior studies have identified factors involved in sentence repetition performance, our design allowed us to observe the interactions of processing limitations and sentence structures. We also tested a prediction of the PDH (Ullman & Pierpont, 2005) .
The PDH
The PDH predicts difficulties with adjunct processing for individuals with DLI (Ullman & Pierpont, 2005) . We contrasted adjunct-laden with argument-laden sentences, and found no significant Group × Argument Status interaction. All participants found adjuncts more difficult in short conditions, and individuals with DLI were not differentially affected by adjuncts. The PDH suggests that individuals with DLI may compensate for their difficulties with syntax by relying on declarative memory. They may learn associations of verbs with their adjunct modifiers that typical peers process using an implicit rule of grammar (Boland & Boehm-Jernigan, 1998 ). Because we did not have a measure of indicating use of declarative memory for this task, we were unable to evaluate this possibility.
An alternate explanation for the lack of a Group × Argument Status interaction is that adjunct processing does not categorically differ from argument processing in its reliance on syntactic ability. The PDH assumes that arguments are part of lexical knowledge associated with verbs whereas adjuncts are not (Ullman & Pierpont, 2005) . Evidence from the sentence processing literature has generally supported that arguments are easier to process than adjuncts, but it is less certain whether this is due to a categorical distinction between arguments and adjuncts (Boland & Blodgett, 2006; Schutze & Gibson, 1999) . Instead, arguments and adjuncts may differ in a graded way, depending on frequency with which they co-occur with their related verbs (MacDonald, Pearlmutter, & Seidenberg, 1994) . If the distinction is purely one of frequency, then the argument-adjunct distinction in our materials may not have clearly differentiated syntactic and lexical processing requirements in our task conditions.
Prior evidence for adjunct difficulties in DLI comes from studies of children (Fletcher & Garman, 1988; Schuele & Tolbert, 2001) . It is possible that at adulthood, individuals with DLI no longer have a special vulnerability to adjunct processing. Or, it may be that the special difficulty with adjuncts is not a characteristic of the general language ability difference in DLI, but is instead a result of the processing limitations characteristic of many individuals with DLI. The interaction of WM and argument status found in our data supports this view.
Speed of Processing Interactions With Sentence Structure
Slower language processing is characteristic of children and adults with DLI (Miller et al., 2001 (Miller et al., , 2006 Miller & Poll, 2009 ), but the degree of slowing has not always been a correlate of language ability measures (Lahey, Edwards, & Munson, 2001) . Prior work has considered the generalized slowing hypothesis (Kail, 1994) and how it might explain the relation of deficits in processing speed to language tasks (Poll et al., 2013) . If processing is slowed by a given amount for each cognitive operation, then language tasks requiring more operations will be more affected by a deficit in processing speed than those requiring fewer.
We found a three-way interaction of processing speed (word detection response time), argument status, and length. Means by condition and by above and below median processing speeds revealed that slower processors had a larger performance decrement for long argument conditions as compared with the other three conditions. Long argument conditions had the highest mean number of functional verb units, a proxy for number of planning operations required for sentence production (Ford & Holmes, 1978) . The effect of slower processing was magnified in the condition that required more cognitive operations, consistent with the generalized slowing hypothesis (Kail, 1994) . The long argument condition also included more complex verb argument structures than the other conditions. Generating plausible argument-laden sentences required the use of verbs that take more arguments, such as ditransitive verbs that take two arguments in addition to the agent. There is evidence that children with DLI have more difficulty with ditransitives than transitive or intransitive structures (Llorenc, Sanz-Torrent, Guardia Olmos, & MacWhinney, 2013; Thordardottir & Ellis Weismer, 2002) . Children also require more planning time when formulating sentences with ditransitives (Llorenc et al., 2013) , suggesting that argument structure complexity may be a proxy for the number of cognitive operations involved in formulating a sentence.
In any case, adults with slower processing had unusual difficulty with long argument condition sentences.
A question raised by our findings was why the truth value judgment task did not result in group differences or correlations with sentence repetition accuracy. The truth value judgment task involved both visual processing and sentence comprehension. It is possible that the task, originally designed for children, was not challenging enough to reveal processing speed differences in adults.
WM Interactions With Sentence Structure
Unlike the processing speed measures, both WM measures resulted in reliable group differences and were together significant predictors of sentence repetition accuracy. A significant group difference resulting from our storage and processing measure, the CLPT, confirms differences in adults with DLI found in prior work (Isaki et al., 2008) . The similarly large group difference on Running Span adds to the profile of WM limitations in adults with DLI. The results suggest that storage capacity, specifically how many items can be maintained in the focus of attention, is more limited among adults with DLI.
Simple tasks measuring short-term memory (such as forward digit span) have not reliably revealed limitations for adults with DLI (Isaki et al., 2008; Poll et al., 2010) . Complex span tasks have revealed differences between adults with DLI and those with typical language, but have been criticized for being another measure of linguistic ability rather than a measure of a memory construct separable from language (Mainela-Arnold & Evans, 2005) . Running Span involves memory for digits, which is less dependent on language knowledge. The results from this study, using the Running Span task, support the validity of a somewhat different construct for WM, the capacity of the focus of attention (Cowan et al., 2005) . The fact that the task has no separate processing element indicates that the ability of adults with DLI to store information relevant to an immediate cognitive task is more limited than in peers with typical language.
Individual differences in WM capacity had a larger overall effect on sentence repetition in long sentences and in adjunct conditions. The absence of ceiling effects in long sentence conditions may have contributed to the WM × Length interaction. Particularly in short argument conditions, participants with typical language had a limited range of sentence repetition accuracy-all highly accurate. As a result, there was less differentiation across the range of WM capacities. There was a broader range of sentence repetition accuracy in long conditions. This suggests that longer sentences exceeding the WM capacity of most participants are more suited to revealing WM capacity differences.
The WM × Argument Condition interaction suggests that arguments and adjuncts differ in how they stress WM capacity. Adjunct conditions were more demanding of WM capacity, consistent with findings in sentence comprehension studies that arguments ease processing (Boland & Blodgett, 2006; Schutze & Gibson, 1999) . Our finding suggests that encountering a word activates its arguments, easing the demand for WM resources in sentence production. Adjuncts may be more demanding because they lack this assist from lexical activation. Adjuncts also have lower co-occurrence frequency than arguments (Schutze & Gibson, 1999) . The WM × Argument interaction suggests a refinement to the predictions of the PDH. Instead of a general vulnerability of individuals with DLI to syntactic processing reliant on procedural memory, the difficulty with adjunct processing may be true for individuals with a particular characteristic of many with DLI, limited verbal WM.
Prior work from the perspective of the Baddeley (2000) conception of WM has focused on the role of the episodic buffer in sentence repetition . A critical finding has been that the binding process that creates memory chunks during sentence repetition is not demanding of processing resources . Our results are consistent with these findings in that the correlations between sentence repetition and the storage and processing measure (CLPT) and the storage-focused measure (Running Span) were nearly identical. Poorer sentence repetition accuracy for adults with DLI results primarily from limited storage rather than processing.
Limitations
Our language ability groups differed in PIQ and in years of education. Other studies of adults with DLI have also found that adults with DLI score lower on tests of PIQ (Fidler et al., 2011; Lee & Tomblin, 2012; Rost & McGregor, 2012) and have lower educational attainment (Conti-Ramsden & Durkin, 2012) . This suggests that our group with DLI was representative of the population of adults with DLI; however, the group with typical language had several members with higher than typical PIQ. PIQ was correlated with processing speed measures, so the unusually high PIQ of some group members with typical language may have extended the range of performance on processing speed tasks, and affected how representative our findings are for adults with typical language. We mitigated effects of our group differences by including education as a covariate in our main analyses. For the group differences in PIQ, we conducted a secondary regression analysis that indicated that language was the larger contributor to variation in sentence imitation when compared with PIQ. We also analyzed effects of processing speed and WM without relying on language ability group classification.
Two measures used in this study, the CLPT and the Truth Value Judgment task, were designed for children. We did not modify the CLPT because we did not observe ceiling effects with pilot participants, but we found that three members of the typical group reached the maximum score for the CLPT. This had the effect of limiting the range of scores in the group with typical language. The simplicity of the Truth Value Judgment task may have also limited our ability to find significant correlations with this measure of processing speed.
Some of the sentences in our sentence repetition task are rather unnatural. We did, however, ensure that sentence plausibility did not differ across conditions, so any effects of the less plausible constructions resulted in a general effect on sentence repetition accuracy rather than a differentiation between conditions.
Clinical and Research Implications
Our findings add to the evidence that sentence repetition differentiates adults with DLI from those with typical language (Poll et al., 2010; Tomblin et al., 1992) . The effect size of the group difference varied by length and condition, with long and adjunct condition sentences resulting in larger differences than short and argument conditions. These findings suggest that using longer, adjunct-laden sentences may improve the diagnostic accuracy of sentence repetition tasks for adults, but further testing is required to validate this finding, and to assess diagnostic accuracy. Sentence repetition can be a valuable tool for assessment because it can be used to elicit forms speakers may avoid in spontaneous speech, while also controlling sentences to focus on structures of interest (Seeff-Gabriel, Chiat, & Dodd, 2010) . For example, our task enabled us to evaluate predictions of the PDH by varying argument status of sentence constituents while controlling for sentence length, word frequency, and plausibility differences.
Our findings also indicate that more diagnostically accurate sentence repetition tasks result from interactions of participant characteristics and sentence structure. Prior work has shown that language ability status (language impaired or not) interacts with sentence complexity, particularly for sentences with long-distance dependencies such as object relative clauses (Riches et al., 2010) . Our findings add that WM and processing speed limitations interact with sentence length and argument status. Adults with DLI and slower processing had more difficulty with long argument sentences that may require more mental operations in the speech production process. Adults with DLI and more limited WM were particularly challenged by longer sentences, and sentences including more adjunct phrases. An established view of sentence repetition performance is that it reflects the language system of the participant (Potter & Lombardi, 1998; Riches, 2012) while also being a measure of WM (Jefferies et al., 2004) . Our findings add that sentence repetition accuracy results from cognitive profiles of participants. Limitations in WM or processing speed result in greater vulnerability to sentence repetition difficulties for particular sentence structures.
Our findings provide limited support for the PDH as an explanation for DLI. We did not find the predicted difference in response to adjuncts across language ability groups. We did, however, find that limitations in WM result in particular difficulties with adjunct as compared with argument condition sentences. Eighty-one percent (17 of 21) of participants in the group with DLI were below the study median on WM. Our findings therefore suggest that many adults with DLI will have particular difficulty with adjuncts, but more as a result of their concomitant WM limitation rather than due to their poorer syntactic ability.
Conclusions and Future Directions
In sum, our findings provide evidence for the role of interactions of language and cognitive abilities with sentence structure in sentence repetition accuracy. We found that many study participants with DLI also had WM limitations, which interacted with argument status. This suggests that the difficulties adults with DLI have with certain kinds of grammatical processing may result from WM capacity limitations rather than deficits in learning and processing syntax -based in procedural memory-as predicted by the PDH. Tests of the PDH have focused on assessment of procedural memory, sometimes with correlational links to grammatical ability (Tomblin et al., 2007) . The PDH suggests that individuals with DLI may have procedural memory deficits that result in both syntactic difficulties as well as WM limitations. The contribution of this study is to better define which of these traits is at work for one aspect of language processing important to sentence production, processing adjuncts, and arguments.
